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Soft Collinear Effective Theory (SCET) is an effective field theory of Quantum Chro-
modynamics (QCD) for processes where there are energetic, nearly lightlike degrees of
freedom interacting with one another via soft radiation. SCET has found many applica-
tions in high-energy and nuclear physics, especially in recent years the physics of hadronic
jets in e+e−, lepton-hadron, hadron-hadron, and heavy-ion collisions. SCET can be used
to factorize multi-scale cross sections in these processes into single-scale hard, collinear,
and soft functions, and to evolve these through the renormalization group to resum large
logarithms of ratios of the scales that appear in the QCD perturbative expansion, as well
as to study properties of nonperturbative effects. We overview the elementary concepts
of SCET and describe how they can be applied in high-energy and nuclear physics.
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1. Introduction
It is fair to say that effective field theory (EFT) has proven to be one of the most
powerful tools in modern physics.1, 2 By exploiting power expansions in small pa-
rameters determined by hierarchies of physical scales, EFTs help us make advances
in predictive power in controlled approximations that may be more difficult to
implement directly in the context of a full theory. In Quantum Chromodynam-
ics (QCD), the development and application of Soft Collinear Effective Theory
(SCET)3, 4, 5, 6, 7, 8 in past decade-and-a-half has brought about such advances for
physical processes with energetic, nearly light-like degrees of freedom such as jets.
SCET has advanced our understanding of B physics and collider and jet physics in
vacuum and in heavy-ion collisions. These problems exhibit dependence on the hier-
archically separated scales of a hard collision energy Q, on a transverse momentum
pT of collinear modes, of soft radiation with momentum ks, and of hadronization
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at the energy scale ΛQCD. SCET facilitates the factorization of physical observ-
ables or cross sections dependent on multiple scales into single-scale functions, the
resummation of large logarithms of ratios of the scales via renormalization group
evolution of these functions, and the demonstration in many cases of the universal-
ity of nonperturbative effects on these observables. In some cases, such as hadronic
event shapes in e+e− collisions, these have led to predictions at the N3LL level
of resummed accuracy,9 rigorous proof of universality of the leading nonperturba-
tive corrections,10, 11, 12 and consequently highly precise extractions of the strong
coupling.9, 13, 14 SCET has been applied widely to jet physics at the Large Hadron
Collider (LHC) and in heavy-ion collisions. As jets grow in importance in high-
energy and nuclear physics to probe new particles beyond the Standard Model,
the quark-gluon plasma, and hadron structure and the strong coupling, at colliders
like LHC, the Relativistic Heavy-Ion Collider (RHIC), and a future Electron-Ion
Collider (EIC), so also will SCET and its applications.
In this talk we review the basic elements of SCET. SCET comes in several
different flavors, depending on the relevant scales and degrees of freedom in the
problem. In this talk we focus mainly on SCETI for jet cross sections measured
with an invariant mass-like variable.3, 4 There are also SCETII for jets measured
by their internal transverse momentum15, 16, 17, 18 and SCETG for jets propagating
through a dense medium interacting via Glauber modes.19, 20, 21 In Sec. 2 we will
review the construction of these theories. In Sec. 3 we will illustrate factorization
in the context of event shape distributions in DIS, but the ingredients are widely
applicable in ee, pp and other processes. In Sec. 5 we will describe universality of the
leading nonperturbative effects in such distributions. Finally in Sec. 6 we will close
by just briefly highlighting recent applications and future directions in the field.
The talk and proceedings are by nature limited in time and length, and I apologize
for all inevitable omissions of important work in this active and expanding field.
2. Constructing SCET
An EFT is an approximation to another quantum field theory (the “full theory”)
formed by including only the degrees of freedom that are relevant at a given energy
scale or in a given kinematic configuration, and “integrating out” any additional
degrees of freedom. Familiar examples are the effective electroweak theory of the
Standard Model, relevant for electroweakly-charged particles with momenta p ≪
MW , with the W,Z bosons and top quarks integrated out.
22 The effective theory
Lagrangian can be organized as a series in powers of p/MW , truncated to the desired
order of accuracy. A slightly more subtle case is the heavy quark effective theory
(HQET),23, 24, 25 in which not the entire heavy quarkQ but only its large momentum
components are integrated out: pµQ = mQv
µ + kµ where kµ ≪ mQ and v is the 4-
velocity of an on-shell heavy quark. In all of these cases, matrix elements in the EFT
must reproduce those of the full theory in the low-energy or infrared (IR) regime.
They differ in the high-energy or ultraviolet (UV) limit. These differences in the
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UV are encoded in matching coefficients between the full and effective theories.
The power in going through these procedures is that the low-energy EFT may
possess additional symmetries or other simplifications to a given order in the power
expansion that are not manifest in the full, exact theory. This can increase pre-
dictive and computational power. An example is enhanced spin-flavor symmetry in
HQET.26 Another, as we shall see below, is soft-collinear decoupling in SCET.6 An
EFT is formulated as a power expansion in a small parameter λ providing system-
atic, order-by-order approximations to the full theory. For example, in the effective
EW theory, λ = p/MW , while in HQET λ = ΛQCD/mQ. In SCET, λ = pT /Q where
pT is the transverse momentum of energetic collinear particles within a jet. We will
illustrate here only the construction of the collinear quark part of the Lagrangian
in the theory SCETI ,
4 which follows similar logic as in HQET.27
The basic degrees of freedom in SCET are collinear and soft quarks and gluons.
Like heavy quarks, collinear degrees of freedom have momenta that can be split into
large and small components: pµc =
n¯·p
2 n
µ + n·p2 n¯
µ + pµ⊥, where n, n¯ = (1,±zˆ) are
lightlike 4-vectors along the direction z in which the collinear particle is traveling,
satisfying n·n¯ = 2, and where p⊥ is orthogonal to both n, n¯. Other choices of n, n¯ are
possible, using reparametrization invariance.28 For a collinear particle, the lightcone
components of its momentum obey a hierarchical scaling, p− ≡ n¯ · p ∼ Q , p+ ≡
n · p ∼ Qλ2 , p⊥ ∼ Qλ, where λ ≪ 1. The size of λ is determined by the typical
invariant mass of the collinear modes being described, p2c = n · p n¯ · p+ p
2
⊥ ∼ Qλ
2,
or by the size of p⊥. Soft particles may have momenta ks ∼ Qλ
2 (SCETI ) or
Qλ (SCETII ). The SCET Lagrangian is constructed as a power expansion in λ,
integrating out hard modes of virtuality p2 ∼ Q2 from QCD.
We construct here the leading-order collinear quark Lagrangian of SCETI . We
begin with the (massless) quark part of the QCD Lagrangian,
Lq = ψ¯(x)iD/ ψ(x) . (1)
We factor out of the quark field a large momentum phase factor,
ψ(x) =
∑
p˜6=0
e−ip˜·xψn,p(x) , (2)
where p˜µ = n¯ · pn
µ
2 + p˜
µ
⊥ is called a “label” momentum, containing the order Q and
Qλ components of collinear momentum, leaving ψn,p to describe momentum fluctu-
ations of order k ∼ Qλ2 about the label momentum. We have a sum over multiple
label momenta p˜ 6= 0 since the collinear quarks interact with collinear gluons which
can change the large label momentum. The term p˜ = 0 is omitted to avoid overlap
and double-counting with soft modes. This is implemented in perturbative calcula-
tions via the zero-bin subtraction,29 similar to soft subtractions in full QCD.11, 30
Such double-counting must be removed for consistent results. We match the QCD
gluon field in the covariant derivative in Eq. (1) onto collinear and soft gluon fields
in SCET, Aµ → Aµc +A
µ
s , where collinear gluons Ac are given by a similar sum over
labels as Eq. (2), and As are gluons with soft momenta, ks ∼ Qλ
2 in SCETI .
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We project out large and small components of the collinear Dirac spinors, ξn,p =
n/n¯/
4 ψn,p, Ξn,p =
n¯/n/
4 ψn,p, in terms of which the Lagrangian Eq. (1) takes the form
Lq =
∑
p˜,p˜′ 6=0
e−i(p˜−p˜
′)·x
(
ξ¯n,p′ Ξ¯n,p′
)( n¯/
2 in ·D p˜/⊥ + iD/⊥
p˜/⊥ + iD/⊥
n/
2 (n¯ · p˜+ in¯ ·D)
)(
ξn,p
Ξn,p
)
. (3)
The spinor Ξn,p acquires a large effective mass, n¯ · p˜ ∼ Q. So we integrate it out,
solving its classical equation of motion order-by-order in λ and substituting its
solution into Lq. Some of the explicit label momentum factors showing up in Lq
can be cleaned up by defining a label momentum operator Pµ, acting as Pµφn,p =
p˜µφn,p.
5 Then the leading-order collinear quark Lagrangian of SCET can be written
Lqn = ξ¯n
[
in ·D + iD/ c⊥Wn(x)
1
n · P
W †n(x)iD/
c
⊥
]n/
2
ξn , (4)
where ξn(x) =
∑
p˜ e
−ip˜·xξn,p(x), D
c
µ = P
µ−igAcµ, and D
µ = n¯·P n
µ
2 +P
µ
⊥+in·D
n¯µ
2 .
The Wilson line Wn = P exp
[
ig
∫ x
−∞
ds n¯ ·Ac(n¯s)
]
is a path-ordered exponential
of collinear gluons, required by collinear gauge invariance and representing gluons
collinear to n emitted by energetic particles in other directions.4, 5
The derivation of the collinear gluon Lagrangian is similar.6 Soft modes by them-
selves simply obey the Lagrangian of full QCD, Ls = LQCD[qs, As]. At leading order
in λ there are no couplings of soft quarks to collinear modes. The SCET Lagrangian
up to second subleading order is known.16, 31, 32, 33 Alternative formulations of SCET
exist in position space without labels31, 34 and in terms of QCD fields.35, 36, 37
Now, the only place that soft gluons appear in the Lagrangian Eq. (4) is in the
light-cone component of the covariant derivative n ·D. This means the coupling of
soft gluons to collinear quarks is only through the vector nµ rather the full Dirac
matrix γµ. This is a manifestation of the eikonal approximation, made explicit at
leading order in λ in the SCET Lagrangian. We can take further advantage of this
property by making a field redefinition of the collinear fields,
ξn(x) = Yn(x)ξ
(0)
n (x) , (5)
where Yn is a Wilson line of soft gluons, Yn(x) = P exp
[
ig
∫ x
−∞ ds n · As(ns + x)
]
.
Because Yn satisfies the equation in ·DsYn = 0, the collinear quark Lagrangian in
terms of the redefined fields ξ
(0)
n contains no couplings to soft gluons whatsoever:
ξ¯n(in · Ds)ξn → ξ¯
(0
n (in · ∂)ξ
(0)
n . A similar decoupling occurs in the collinear gluon
Lagrangian. Thus SCET at leading order can be written in terms of entirely decou-
pled collinear and soft sectors. The interactions of collinear and soft fields in QCD
appears in the form of operators containing both types of fields, as we will illustrate
below, but they do not interact through the Lagrangian at all. It is this decoupling
in the Lagrangian that makes soft-collinear factorization so simple to demonstrate
in SCET at leading order in λ.
The theory SCETI is appropriate for jets probed by their invariant mass m
2 ∼
(Qλ)2 or similar measure (like thrust), which constrains soft radiation to have ps ∼
Qλ2. When jets are instead probed by their internal transverse momentum (e.g. with
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jet broadening), the soft radiation is constrained to share the same p⊥s ∼ p
⊥
c ∼ Qλ as
collinear modes, giving them the same virtuality but different rapidity. SCETII can
be constructed by matching QCD onto SCETI and then lowering the virtuality
of collinear modes to match the soft.15, 16 In this theory, an additional regulator
separating the soft and collinear modes in rapidity instead of virtuality is required in
perturbative computations and RG running. The “rapidity renormalization group”
is an elegant implementation of this idea,17, 18 though not the only one.34, 38, 39, 40
To apply SCET to jets produced in heavy-ion collisions and propagating through
a dense medium, e.g. quark-gluon plasma, a new mode needs to be added. Jet
modification in a medium occurs through transverse kicks from scatterers in the
medium through Glauber modes, of scale Q(λ2, λ2, λ) in light-cone coordinates.
The theory extended to include these modes is known as SCETG .
19, 20, 21
3. Factorization
To illustrate how factorization is carried out in general, we consider just one of many
possible examples, jet production in deep inelastic scattering (DIS), e(k)p(P ) →
e(k′)X . We will consider measuring the final state with an event shape, DIS thrust,41
or more generally, the “1-jettiness,” a special case of N -jettiness,42 which measures
the degree to which the final state is collimated into N distinct hadronic jets, plus
beam radiation. Thus 1-jettiness in DIS measures collimation along the proton beam
direction qB and another direction qJ :
τ1 =
2
Q2
∑
i∈X
min{qB · pi, qJ · pi} . (6)
The min groups particles into two regions depending on which 4-vector qB,J they
are closer to. The choice qB = xP , qJ = q+ xP , where q = k− k
′, x = −q2/(2P · q)
yields τ1 = τ , the classic DIS thrust.
41 We focus on this variable below. Other
choices have also been studied.43, 44 For small values τ1 ≪ 1, the final state contains
two well-collimated sets of particles in the beam and jet directions qB, qJ .
In QCD, the τ1 cross section can be expressed
dσ
dx dQ2 dτ1
= Lµν(x,Q
2)Wµν(x,Q2, τ1) , (7)
where Lµν is a leptonic tensor, and W
µν is the hadronic tensor,
Wµν(x,Q
2, τ1) =
∑
X
〈P | J†µ |X〉 〈X |Jν |P 〉 (2pi)
4δ4(P + q − pX)δ(τ1 − τ1(X)) , (8)
which is the usual hadronic tensor in DIS with an additional constraint on the 1-
jettiness τ1 of the final state X . We will factorWµν in SCET into hard, collinear and
soft contributions. This will then allow us to resum logs of τ1 in the cross section.
We first match the QCD e.m. current Jµ = q¯γµq onto operators in SCET. The
matching condition takes the form
Jµ(x) =
∑
n1n2
∫
d3p˜1d
3p˜2e
i(p˜1−p˜2)·xCµαβ(p˜1, p˜2)χ¯
α
n1,p˜1(x)T [Y
†
n1Yn2 ](x)χ
β
n2,p˜2
(x) , (9)
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where χn,p˜ = [δ(n·p˜−n¯·P)δ
2(p˜⊥−P⊥)W
†
nξn] is a jet field with total label momen-
tum equal to p˜, and where the soft fields Wilson lines Yn1,n2 appear because we
have already redefined the collinear fields according to Eq. (5) (but omitted the (0)
superscripts). In the sum over directions, the terms n1,2 = nJ,B are selected out,
with one line (YnB ) on an incoming path and the other (YnJ ) outgoing for DIS.
There are also sums over labels and spinor indices. The hard coefficients Cµαβ are
determined order-by-order in αs by requiring that matrix elements of the operators
on the two sides be equal. (In general a color singlet gluon operator can also appear
on the right-hand side, but we omit it here for simplicity.43, 45)
Computing matrix elements of the QCD operator on the left-hand side of Eq. (9)
and of the SCET operator on the right-hand side with the same external states, one
finds that the infrared behavior of the two sides is the same, while they differ in
the ultraviolet. Requiring matrix elements of the two sides of Eq. (9) to be equal
determines the value of the matching coefficient. To O(αs),
46, 47
Cµ(p˜1, p˜2) = γ
µ
⊥
{
1+
αs(µ)CF
4pi
[
− ln2
( µ2
−p˜1 · p˜2
)
−3 ln
( µ2
−p˜1 · p˜2
)
−8+
pi2
6
]}
(10)
Now, we substitute Eq. (9) into the hadronic tensor Eq. (8). In SCET, collinear
fields in different directions and soft fields are all decoupled from one another in
the leading-order Lagrangian after the field redefinition Eq. (5). Thus we obtain a
factorized prediction for Wµν in Eq. (8) and thus for the cross section Eq. (7):
dσ
dx dQ2 dτ1
=
dσ0
dx dQ2
H2(Q
2, µ)
∫
dtJ dtB dks δ
(
τ1 −
tJ
Q2
−
tB
Q2
−
ks
Q
)
×
∫
d2p⊥Shemi(ks, µ)Jq(tJ − p
2
⊥, µ)Bq(tB , x,p
2
⊥, µ) ,
(11)
with an implicit sum over (anti)quark flavors q, and where dσ0/dx dQ
2 the Born-
level cross section. The hard function H2 = |C(q
2)|2 is given by the squared ampli-
tude of the scalar part of the matching coefficient Eq. (10) for p˜1 ·p˜2 = q
2 = −Q2.
The jet function Jq is given by matrix element of jet fields:
Jq(tJ = ωk
++ω2⊥, µ) =
(2pi)2
NC
∫
dy−
2 |ω|
eik
+y−/2
× tr
〈
0
∣∣∣ n¯
2
χn(y
−n/2)δ(ω + n¯ · P)δ2(ω⊥ + P⊥)χn(0)
∣∣∣0〉 , (12)
where n is in the direction of qJ and the trace is over Dirac indices. The matrix
elements can be evaluated explicitly using Feynman rules of SCET. To O(αs), the
jet function is given by48
Jq(t, µ) = δ(t) +
αs(µ)
4pi
{
(7− pi2)δ(t)−
3
µ2
[ θ(t)
t/µ2
]
+
+
4
µ2
[θ(t) ln(t/µ2)
t/µ2
]
+
}
, (13)
where [f(x)]+ is a plus distribution.
49 Jq is known to O(α
2
s) and its anomalous di-
mension to O(α3s)
50, 51 and contains logs of t/µ2. Meanwhile, Bq is a beam function,
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given by the proton matrix element of collinear fields in the direction nB of qB ,
Bq
(
ωk+,
ω
P−
,k2⊥, µ
)
=
θ(ω)
ω
∫
dy−
4pi
eik
+y−/2 〈P | χ¯n(y
−nB/2)
n¯B
2
×
[
δ(ω − n¯B · P)
1
pi
δ(k2⊥ − P
2
⊥)χn(0)
]
|P 〉 ,
(14)
where the proton P has momentum P−nB/2 and y
− = nB·y, k
+ = nB·k. The beam
function can be matched onto ordinary parton distribution functions (PDFs) fj ,
Bq(t, x,k
2
⊥, µ) =
∑
j
∫ 1
x
dξ
ξ
Iqj
(
t,
x
ξ
,k2⊥, µ
)
fj(ξ, µ)
[
1 +O
(Λ2QCD
t
,
Λ2QCD
k2⊥
)]
, (15)
with a sum over partons j and where the coefficients Iqj can be computed pertur-
batively45, 52, 53, 54, 55, 56, 57 and like the jet function in Eq. (13) contain logs of t/µ2.
The soft function Shemi is given by matrix elements of soft Wilson lines,
Sephemi(ks, µ) =
1
NC
Tr
∑
Xs
∣∣〈Xs|T [Y †nYn¯](0) |0〉∣∣2 δ(ks − n¯ · kLX − n · kRX) , (16)
where kL,RX is the total momentum in the ∓z hemisphere of the final state X . The
soft functions for two-jet production in e+e− or pp collisions can be obtained by
turning the appropriate Wilson line paths to be incoming or outgoing.58, 59 The
e+e− hemisphere soft function is known to O(α2s).
60, 61, 62, 63 See,ep,pphemi have the same
anomalous dimension to all orders. Although the two regions into which τ1 organizes
particles may not be exact hemispheres, rescalings of nJ,B and boost invariance
allow use of the hemisphere soft function in Eq. (16).43, 64 The soft function can
be expressed as a convolution of a perturbative coefficient and a nonperturbative
shape function, which captures the effects of hadronization in the final state:65
Shemi(k, µ) =
∫
dk′Sperthemi(k − k
′, µ)F (k′) , (17)
where F is a nonperturbative shape function to be extracted from experiment.14, 49
The perturbative soft function contains logs of k/µ.
Similar factorization theorems hold for other processes such as thrust or other
event shape distributions in e+e− or pp collisions,45, 60, 66, 67
1
σ0
dσ
dτee
= H2(−Q
2)Jn⊗Jn¯⊗S
ee
hemi ,
1
σ0
dσ(q2, Y )
dτB
= Hij(q
2)Bi⊗Bj⊗S
pp
hemi (18)
for τee = 1 − T where T is the e
+e− thrust68 at collision energy Q, and τB is
the beam thrust in Drell-Yan at dilepton invariant mass q2 and rapidity Y .42, 45, 69
The ⊗ indicate all appropriate convolutions. These are similar to the DIS thrust
factorization Eq. (11), with beam or jet functions appearing as appropriate for
incoming or outgoing collinear modes. For pp there is a sum over partonic channels
ij. The soft functions are defined similarly to Eq. (16) but in terms of incoming or
outgoing Wilson lines, as appropriate. Thus cross sections for processes containing
collinear jet or beam radiation in ee, ep, pp collisions can all be written in terms of
a simple set of building blocks in SCET.
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4. Evolution and Resummation
The factorization of a multi-scale cross section like Eq. (11) allows the resummation
of large logarithms of ratios of these scales that appear in the fixed-order perturba-
tive expansion of the cross section in full QCD. After performing the convolutions in
Eq. (11), one finds that the hard function contributes logs of µ/Q, the jet and beam
functions logs of µ/(Qτ1/2), and the soft function logs of µ/(Qτ). The dependence
on µ cancels in the full cross section, but logs of τ are left over. These logs in the
fixed-order expansion of cross sections Eqs. (11) and (18) take the generic form70
lnσ(τ) =
αs
4pi
(
F12L
2
τ + F11Lτ + F10
)
+
(αs
4pi
)2(
F23L
3
τ + F22L
2
τ + F21Lτ + F20
)
+
(αs
4pi
)3(
F34L
4
τ + F33L
3
τ + F32L
2
τ + F31Lτ + F30
)
+ · · · ,
LL NLL NNLL N3LL
(19)
where σ(τ) ≡ (1/σ0)
∫ τ
0 dτ
′(dσ/dτ ′), Lτ ≡ ln(1/τ), and where the dots indicate
higher-order terms in αs and non-singular terms which vanish as τ → 0. Fixed-
order perturbation theory sums this series row-by-row in αs, which blows up for
small τ . In this regime, the appropriate organization is resummed perturbation
theory, which sums up each whole column at a time. The first column is the set of
leading logs (LL), the second column the next-to-leading logs (NLL), and so forth.
The factorization theorems Eqs. (11) and (18) offer a systematic way to achieve
this resummation. Taking the Laplace (alternatively, Fourier) transform of each in
τ , we undo the convolutions and obtain, in the case of e+e− thrust,
σ˜(ν) = H(Q2, µ)J˜n
( ν
Q2
, µ
)
J˜n¯
( ν
Q2
, µ
)
S˜eehemi
( ν
Q
, µ
)
, (20)
where the Laplace transforms are given by f˜(ν/Qj) =
∫∞
0 dx e
−xν/Qjf(x) for each
function σ, J, S with argument x = τ, tn,n¯, ks with mass dimension j = 0, 2, 1,
respectively. The fixed-order expansions of these functions contain logs of ν/Qj.
They each obey an RG evolution equation,
d
d lnµ
f˜(ν, µ) = γ˜f (µ)f˜(ν, µ) , (21)
where γ˜f (µ) is anomalous dimension of f˜ , which takes the form
γ˜f (ν, µ) = −κfΓcusp[αs] ln(µ
jf νeγE ) + γf [αs] , (22)
where Γcusp[αs] is the cusp anomalous dimension, γf [αs] is the non-cusp part of the
anomalous dimension, and κS = 1 and κJ,B = 2. The hard function obeys a similar
equation to Eq. (21) with jH = 1 and νe
γE → 1/Q. The RGE Eq. (21) is easily
solved, and gives the value of f˜ at one scale µ in terms of f˜ at another scale µ0,
f˜(ν, µ) = f˜(ν, µ0) exp
[∫ µ
µ0
dµ′
µ′
γ˜f (ν, µ
′)
]
. (23)
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A more explicit version of the integral in the exponent, and the inverse transforms
back to momentum space, can easily be found in the literature, e.g. [71]. In momen-
tum space, these RGEs lead to the prediction for, e.g. the e+e− thrust distribution,
σ(τ) = H2(Q
2, µH)UH(µ, µH)
∫
dtndt
′
ndtn¯dt
′
n¯dksdk
′
sδ
(
τ −
tn + tn¯
Q2
−
ks
Q
)
S(k′s, µS)
×Jn(t
′
n, µJ )UJn(tn−t
′
n, µ, µJ)Jn¯(t
′
n¯, µJ)UJn¯(tn¯−t
′
n¯, µ, µJ)US(ks−k
′
s, µ, µS), (24)
where the evolution kernels Uf from µf to µ are given by solutions Eq. (23) of the
RGE, transformed back to momentum space. This form allows us to evaluate the
individual functionsH, Jn,n¯, S at scales µf where logs in their fixed-order expansions
are small, and then the evolution kernels exponentiate the infinite sets of large logs in
Eq. (19) in a closed form. The accuracy to which the logs are summed is determined
by the accuracy to which the anomalous dimensions in Eq. (22), the beta function
for running αs, and factorization ingredients f = H, J,B, S are known. Namely,
at NkLL accuracy, Γcusp is needed to O(α
k+1
s ), γf to O(α
k
s ), the beta function
β[αs] to O(α
k+1
s ), and the fixed-order constants in the factorization ingredients f =
H, J,B, S to O(αk−1s ). One can define the “primed” counting N
kLL′ by including f
to one higher order, αks , which offers better matching onto the large τ region where
we revert to fixed-order perturbation theory,14 and helps maintain closer agreement
in accuracy between momentum- and Laplace-space cross sections.71
5. Nonperturbative Effects
The nonperturbative effects of hadronization on the thrust distributions in ee, ep, pp
in Eqs. (11) and (18) are contained in the soft function, Eq. (17). The definition of
the soft function in Eq. (16) (and its analogs for ee, pp) show that it is independent
of the hard scale Q and depends only on the directions and color representations of
the hard particles initiating the collinear jets.
In the “tail region” where τ ≫ ΛQCD/Q but τ ≪ 1, an even stronger level
of universality holds. In this region, the soft shape function in Eq. (17) can be
expanded in an operator product expansion, Fe(k) = δ(k) − δ
′(k)Ωe1 + · · · , where
the dots indicate power corrections and perturbative corrections, and e specifies
the event shape. The leading effect is then a shift of the first moment of the whole
distribution by an amount Ωe1/Q. The parameter Ω
e
1 is defined by
Ωe1 =
∫ ∞
0
dηfe(η)
1
NC
Tr 〈0|T [Yn¯Y
†
n ](0)ET (η)T [YnY
†
n¯ ](0) |0〉 , (25)
where ET (η) is a “transverse energy flow” operator
67, 72, 73, 74 for particles with
(pseudo)rapidity η with respect to n, and fe is a weighting function whose def-
inition depends on the event shape e. For thrust τ , fτ = 2e
−|η|. This form as-
sumes massless hadrons in the final state; the appropriate form for massive hadrons
involves the use of a transverse velocity operator.12 In the form Eq. (25), Ωe1
appears to depend nontrivially on the event shape e. However, the matrix el-
ement itself is independent of η thanks to boost invariance of the Wilson lines
10 C. Lee
Yn,n¯.
10, 11 This means Ωe1 takes the form Ω
e
1 = ceΩ1, where ce =
∫∞
0 dη fe(η) and
Ω1 =
1
NC
Tr 〈0|T [Yn¯Y
†
n ](0)ET (0)T [YnY
†
n¯ ](0) |0〉. So ce is just a number, exactly cal-
culable, and the nonperturbative parameter Ω1 itself is universal, not only in Q but
for multiple event shapes e in a given process, such as angularities in e+e−,11, 30, 75, 76
or different versions of 1-jettiness in DIS.43 The universality does not necessarily
hold upon changing the directions of the lines Yn,n¯ and thus not across ee, ep, pp.
However, a remarkable relation was discovered between the Ω1 for DIS 1-jettiness
and the leading soft power correction to jet mass for small R in pp→ Z/H + jet.77
Thus SCET provides a powerful framework to analyze rigorously properties of
nonperturbative effects. The proof of the universality of Ω1 in e
+e− event shapes,
for instance, generalizes earlier arguments based on models of an “effective infrared
coupling” at low scales and the emission of only a finite number of soft gluons.78, 79
6. Recent progress and future directions
Here we mainly reviewed the basic elements of SCETI and its primary applications
to the resummation of large logarithms in QCD perturbation theory and the anal-
ysis of nonperturbative corrections. We have almost entirely overlooked the treat-
ment of jet algorithms in SCET,80 and applications of SCETII and SCETG, such as
resummation of jet broadening,18, 81 transverse momentum dependent parton distri-
butions,39, 40 jet modification in dense media,19, 20, 21, 82, 83, 84 as well as many others
we are regrettably unable to cite here. Ref. [34] has a fairly comprehensive list.
Glauber modes also enter the analysis of factorization theorems in the vacuum,
and their cancellation in virtual loops is essential to factorizing collinear modes
in different directions.85, 86, 87, 88, 89 Recently progress has been made incorporating
these modes into SCET analyses of hard scattering processes in the vacuum and
their connection to Regge behavior and the BFKL equation.90, 91, 92, 93
SCET has proven to be a revolutionary tool in the analysis of hard scattering
cross sections, in particular those containing jets or collinear beam radiation. The
number of applications in high-energy and nuclear physics is ever growing. As we
continue to use jets as probes of QCD and new physics at LHC, RHIC, and an EIC,
SCET in its various flavors will continue to prove instrumental in our improved
theoretical understanding of both perturbative and nonperturbative physics.
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